and 5 The Nutrition Center of the Children's Hospital of Philadelphia, USA OBJECTIVE: To ascertain the predictors of body size at 2 y of age. DESIGN: Prospective, longitudinal study of risk factors for weight gain of infants at high or low risk of obesity by virtue of their mothers' obesity or leanness. SUBJECTS: A total of 40 infants of obese mothers and 38 infants of lean mothers, equally divided among boys and girls. METHODS: Measurement of dependent variables: weight, length and skinfold thicknesses at 3, 6, 9, 12, 18 and 24 months and percent body fat at 3, 12 and 24 months. Measurement of independent variables: average daily caloric consumption at 3, 6, 9, 12, 18 and 24 months; and, at 3 months, nutritive sucking behavior during a test meal, total energy expenditure (TEE), sleeping energy expenditure (SEE), estimation of nonsleeping energy expenditure (TEEÀSEE) and socioeconomic status. Parental weights and heights were obtained by self-report at the time of recruitment. Partial correlation and mixed effects linear regression analyses were performed. RESULTS: Measures of body size (weight, length, skinfold thicknesses) and percent of body fat were almost identical between high-and low-risk groups at all times. Energy intake during six occasions over the 2 y, sucking behavior, family income and TEE predicted weight gain, controlling for body length. Parental body mass index was not associated with the child's body size during the first 2 y. During the first year, there were strong lagged correlations between energy intake and body weight and smaller correlations between protein intake and body weight. CONCLUSION: Energy intake, and not energy expenditure, was the determinant of body size in these infants at 2 y of age, as it had been at 1 y. Sucking behavior and TEE (positively) and family income (negatively) also contributed to body weight at 2 y. The novel finding of a lagged correlation between energy intake and body weight early in life suggests that energy intake is programmed for future growth and development.
Introduction
We are in the midst of an epidemic of obesity and the end is not in sight. A large increase in childhood obesity insures an increase in adult obesity as obese children become obese adults. Interest has focused on the positive energy balance fostered by the environment and on gene-by-environment interactions resulting from increased energy intake, decreased energy expenditure, or both. Which of these three effects is the most critical is important in understanding the cause of the epidemic and in preventing and treating it.
The present report describes a study designed to answer this question. It describes the growth and development of infants during the first 2 y of life and is a prospective, longitudinal study of risk factors for weight gain of infants at high or low risk of obesity by virtue of their mothers' obesity or leanness.
A fundamental question in the development of obesity is whether it results from a positive energy balance produced by increased energy intake or by decreased energy expenditure. Reports have supported both sides of the question. Two prospective studies suggested that reduced rate of energy expenditure favored the development of obesity. One involved already-obese Pima Indians, 1 the other involved 3-month-old infants of obese mothers. 2 Other studies have not supported the influence of a low metabolic rate on obesity. Two studies, by Davies et al 3 
of 33 infants and by
Wells et al 4 of 30 infants, found that total energy expenditure (TEE) at 3 months of age showed no relation to measures of body fatness at 2-3.5 y of age. Furthermore, no relation between parental body mass index (BMI; in kg/m 2 ) and TEE of infants at 3 months of age was found by Davies et al.
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The predictive value of energy intake has also been a source of disagreement. Thus, Roberts 6 reported that the six infants in her study who became overweight consumed 42% more energy at 6 months of age than did the 12 infants who remained lean. In a study of 87 infants, Dewey et al 7 found
that energy intake predicted body fatness at 1 y of age. Wells et al, 8 however, reported that the energy intake of 20 3-month-old infants was not an important determinant of body fatness at 2-3.5 y of age. Butte et al 9 reported that energy intake and fat-free mass were both higher among formula-fed than among breast-fed infants at 3 and 6 months of age; by 2 y of age these differences had disappeared.
Our study compared the development of 40 children of obese mothers (BMI ¼ 32.1), 'high-risk' children, with those of 38 children of lean mothers (BMI ¼ 20.7), 'low-risk' children during the first 2 y of life. We previously reported that energy intake and not energy expenditure predicted body size in infants at 1 y of age. 10 The present report extends this study to 2 y of age.
Subjects and methods

Subjects
Subjects were 82 infants selected from 1219 white mothers in two newborn nurseries, seven obstetric practices, four pediatric practices and local referrals. Subjects were confined to white infants because nonwhite infants have different growth patterns. 11, 12 Their obstetricians reported that all mothers had experienced a normal pregnancy, labor and delivery. Inclusion criteria for mothers were a prepregnancy BMI greater than the 66th percentile or less than the 33rd percentile for their age group, 13 yielding children at 'high'
and 'low' risk for the development of obesity. Other criteria were birth of a full-term infant with no illness or disability, and mothers with no gestational diabetes and at least 18 y of age. Furthermore we selected only families who expressed a high degree of commitment to the study, which was described to them as being long and demanding. Exclusion criteria for the infants were: a gestational age of less than 36 or more than 42 weeks. Biological father's height and weight were reported by the father or mother. This report is based on information on 40 high-risk and 38 low-risk infants; that on one high-risk and three low-risk children was not available. 
Energy intake
Three categories of feeding modes of the 3-month-old infants were assessed from food records: (1) breast-feedingFall nourishment from breast milk; (2) formula feedingFall nourishment from infant formula, delivered by a bottle; and (3) combined breast-feeding and bottle-feeding. Measures of energy intake included food records and nutritive sucking behavior. Energy intake was determined from weighed food records 18 kept by the subjects' parents for 3 days during the week after body-composition assessment was carried out at 3 months of age and then at 6, 9, 12, 18 and 24 months. Parents were carefully instructed in the technique of weighing and recording all energy intake. Formula and solid food were weighed before and after each feeding on a digital scale ( O and 0.15 g 2 H 2 O/kg body weight. Two urine samples were collected 4-6 h after administration and two more were collected in the morning before feeding, 6-8 days after the dose.
As described elsewhere 10 isotope abundances in the urine samples were analyzed by mass spectrometry in the laboratory of Schoeller and Hnilicka. 24 Energy expenditure was calculated by using the modified de Weir equation, 25 assuming a respiratory quotient of 0.85. 26 The average ratios of deuterium to 18 O dilution space were 1.0470.02 and 1.0370.01 in the high-and low-risk groups, respectively.
Socioeconomic status SES was assessed by maternal reports of years of schooling and family income. Educational level was analyzed in several ways; none showed any difference between high-and lowrisk groups. The median income of $30 000 clearly divided subjects into upper or lower income.
Statistical analysis
A linear mixed effects regression model was specified in order to identify factors associated with accelerations or decelerations in weight changes from each time ¼ tÀ1 to time ¼ t where time t ranged from months 6 to 24 while accounting for repeated measures over time. Details are provided in the Appendix A. In this model, future weights are predicted by current weight and an effect reflecting current dietary intake as well as other effects. These include SEE and total number of sucks at 3 months as well as other covariates including maternal BMI to account for risk group, current body size (length), whether or not family income was less than $30 000, and gender. Variables were standardized to permit pooling over time. For each quantitative variable we obtained an estimate of the expected effects of a 1 standard deviation (SD) increase on future weight controlling for prior weight, length and the other covariates. These effects on weight were expressed in terms of time-specific weight SD units ( Figure 2 ). For example, the value of the slope coefficient for dietary intake was 0.062. Thus, if we compare two male children with identical current weight and length, and identical values for the other variables, except that Child A had a dietary intake that was one (intake) SD larger than Child B, we would predict that Child A's weight at the next assessment would be 0.062 (weight) SDs larger than Child B. Time-specific SDs are provided in Figure 2 . Secondary explanatory variables were examined as additions to the primary set of factors or as replacements and included percentages of caloric intake attributable to proteins, fats, or carbohydrates and TEE (available in a subset of subjects).
Results
Comparison of high-and low-risk groups
Characteristics of parents and their children are presented in Table 1 . Obese mothers were heavier (BMI ¼ 32.175.9) than lean mothers (BMI ¼ 20.772.8). Although selection was based only on the BMIs of the mothers, the BMIs of the fathers of the high-risk infants were significantly higher than with those of the low-risk infants. There was no statistically significant difference between the birth weights of high-and low-risk infants. Correlations, calculated at the six visits when infants were aged 3 months to 2 y, between the BMIs of mothers and fathers and the weights of children were negligible, as described previously. 27 The characteristics of the high-and low-risk groups were very similar. There was no significant difference between gender and risk groups in body size or composition at any time during the first 2 y and, despite an increase in weight, there was no significant change in percentage of body fat by total body electrical conductivity (TOBEC) ( Table 2) 
. Figures
Predictors of body size in infancy AJ Stunkard et al 1a and b are designed to show the striking similarities between the risk groups in both the changes in weight-forlength and the sum of four skinfold thicknesses. Only two subjects, both high-risk boys, had weights greater than the 90th percentile (14.5 kg).
The energy expenditure of the two risk groups was remarkably similar. Thus at 3 months TEE of the 19 highrisk subjects was 17777326 and that of the 23 low-risk subjects was 17437351. At 24 months the comparable values were 41167574 (N ¼ 28) and 41457461 (N ¼ 25). At 3 months the SEE of the 35 high-risk subjects was 13427263 and that of the 31 low-risk subjects was 13427201. At 24 months the comparable value for the 32 high-risk subjects was 26047335 and that of the 31 low-risk subjects was 25467281. A measure of physical activity was determined by TEE-SEE of only subjects in whom both TEE and SEE had been measured, reducing the sample size to 36 at 3 months and 45 at 24 months (Table 3) .
A major difference, and the only one, between risk groups was in sucking behavior. It was measured at 3 months among the 76 infants during a test meal that totaled 19.078.6 min in feed time. Total number of sucks was 9207559 in the high-risk group compared to 6207293 per meal in the lowrisk group (Po0.001), with no significant difference in total feed time. By contrast, there was no difference between highand low-risk groups in total calories and macronutrient content of intake ( Table 4) . Correlation of energy expenditure and body size As body weight, weight for length, body fat and changes in these variables were not significantly different between risk groups (Table 2) , data from the two risk groups were pooled. Partial correlation coefficients controlling for sampling by risk group were calculated for the relationships between measures of energy expenditure and measures of body size at 3 and 24 months. Significant correlations were found. TEE at 3 months was positively correlated with weight at 3 months 0.78 (Po0.001), with weight at 12 months 0.66 (Po0.001), and with weight at 24 months was 0.61 (Po0.001). The correlation of TEE at 24 months with weight at 24 months was 0.48 (Po0.001).
The partial correlation between SEE at 3 months and weight were somewhat lower than those for TEE. At 3 months it was 0.69 (Po0.001), falling at 12 months to 0.37 (Po0.05) and at 24 months 0.36 (Po0.05). The correlation of SEE at 24 months with weight at 24 months was 0.51 (Po0.001). The correlations of weight with both TEE and SEE were strongly positive, reflecting the fact that greater body size was associated with greater energy expenditure. Similar correlations were found for weight-for-length and body fat (data not shown).
Correlations between energy intake and body size
The autocorrelation of body weight at 3 months with body weight at five subsequent points in time showed a steady decline, similar between the risk groups ( Table 5 ). The autocorrelations of energy intake at 3 months with energy intake at these same five points in time showed a steeper decline over time, steeper in the low-risk group than in the high-risk group.
In contrast to these declines, the correlations between energy intake at 3, 6 and 9 months and later body weight showed an increase, demonstrating a lagged correlation Predictors of body size in infancy AJ Stunkard et al (Table 6 ). For example, the correlation of energy intake at 3 months with weight at 3 months was 0.19 (P ¼ 0.28), rising to 0.59 (Po0.001) at 12 months. Similarly, the correlation between energy intake at 6 months and weight at 6 months (0.34, Po0.05) rose at 18 months (r ¼ 0.60, Po0.001). Such lagged correlations did not occur after the 9-month food intake.
The correlations between number of sucks at 3 months and subsequent body weight showed a strong trend towards the same pattern of increase as did energy intake. Two aspects of sucking behavior are worthy of note. First, maternal BMI was correlated with only one: number of sucks (r ¼ 0.40, Po0.003). Second, there was no significant correlation between number of sucks at 3 months and energy intake at any time during the 2 y. There was no correlation between feeding and body weight.
The (positive) correlations between protein intake at 3, 6 and 9 months and weight at six points in time also showed a lagged correlation which was, however, weaker than those between energy intake and weight (Table 7 ). There were no significant correlations between carbohydrate or fat intake and body weight at any time.
Regression analysis
A regression analysis shown in Table 8 incorporates all of the variables that were assessed as predictors of the acceleration of weight gain from 3 to 24 months. Four predictors entered the regression equation, by far the strongest of which was weight at the prior visit (Po0.0001). Even after the influence of this most recent weight was taken into account, three There are no significant differences between the high-and low-risk groups in SEE, and TEE or TEEÀSEE at 3 and 24 months. Data represent subjects for whom both TEE and SEE were obtained at 3 and at 24 months; these data are very similar to that obtained on all subjects at these time periods. b Mean7SD. Predictors of body size in infancy AJ Stunkard et al independent measures significantly predicted weight gain. They were: caloric intake during the (short) prior interval (P ¼ 0.024), increased number of sucks during the test at 3 months (Po0.003) and income o30 k (Po0.005). Male gender was of borderline significance (P ¼ 0.062). The effects of SEE, maternal BMI and maternal þ paternal BMI, feeding mode and infant length were not significant. As might be expected, the model predicted future weight well (R 2 ¼ 0.832) as a consequence of including past weight in the model. Error variance (R 2 ) in addition to the large contribution of prior weight was calculated for energy intake and number of sucks. When each was added to a model reduced by excluding each factor one at a time they contributed 0.04 and 0.04 of the variance respectively.
The impact of these findings is further illustrated in Figure 2 . It shows the significant increase in body weight over time as a function of increases in the two behavioral measures (previous energy intake and number of sucks at 3 months). The effect of SEE was not significant. For example, given two male infants of identical weight and length at month 12, if the intake of one is 1 SD (153 kcal/day) larger than the other, the model predicts that at month 18 this infant's weight will be 0.064 SDs (SD ¼ 1.16 kg) (0.074 kg) higher than the infant with the smaller intake at 12 months. Similarly, if intake were identical, but total sucks at month 3 were about 480 larger, then the month 18 weight is predicted to be 0.087 SDs, or 0.101 kg larger. The effects of differences other than 1 SD can be read from the graph while the definition of 1 SD increases for each time point can be read off of the table below the graph.
TEE was obtained on only 42 subjects. A regression that incorporated this smaller number of measurements showed that TEE at 3 months, unlike SEE, predicted weight (Po0.05); the higher the TEE at 3 months, the higher the weight throughout the 2 y. Among secondary predictors, paternal BMI, educational level and feeding mode were not significant when added to the model. Macronutrients (percent of calories from protein, carbohydrate and fat) contributed in different ways to weight changes during the first 2 y. When the influence of total calories was controlled, percent of calories from protein entered the regression (P ¼ 0.002) reducing the estimated slope for calories alone by 25%. These results are consistent with the previously described positive, lagged correlations of protein with weight. Similarly in a separate analysis, percent of calories from fat also entered the regression (negatively) (P ¼ 0.02). Finally, percent of carbohydrates did not enter the regression (P ¼ 0.09).
Sucking behavior contributed significantly (Po0.05) to the sum of four skinfolds but energy intake made no contribution to skinfold thicknesses and neither sucking behavior nor energy intake contributed to percentage of body fat by TOBEC.
The clinical significance of these findings is illustrated by a comparison of the mean profiles of the 10 infants with the smallest and largest average monthly gains in weight from 3 months to 2 y. Figure 3 shows that the mean standardized values (Z scores) of the slowest gainers were considerably below the average for energy intake and number of sucks at 3 months (Z scores were internally generated with time interval). The most rapid gainers, on the other hand, showed values for these variables considerably above the average. Rapid gainers were more likely to be male and have lower family incomes. Correlation between weight (in kg) and caloric intake at 3 months with weight and caloric intake during the next 18 weeks. The correlations for weight with itself decrease over time while those for caloric intake with itself over time decrease even more rapidly (low risk greater than high risk). These decreases are in sharp contrast to the increasing correlations between caloric intake and weight depicted in Table 6 . An increasingly greater association over time ('a lagged correlation') is observed between energy intake and body weight for 3, 6 and 9 months. See text for discussion. Number of sucks shows a trend toward a lagged correlation.
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Discussion
Energy intake
This report describes the growth and development of infants at high risk for overweight (maternal BMI ¼ 32.1) and low risk (maternal BMI ¼ 20.7). Its most important finding is the relationship between energy intake on one hand and growth and development, as measured by body weight, on the other.
The mixed effects regression model shows that, even when the very large influence of prior body weight (R 2 ¼ 76%) was controlled, three behavioral factors predicted weight acceleration. They were: energy intake (R 2 ¼ 4%), number of sucks at 3 months (R 2 ¼ 4%) and family income (R 2 ¼ 3%). The measure of energy intake predicted greater weight acceleration at all four measurements from 6 to 24 months of age.
Other features of energy intake are revealed in the correlations in Tables 6 and 7 . Table 6 shows that correlations above the main diagonal were higher than those below it, indicating that children with greater energy intake become heavier. The correlations below the main diagonal are smaller but suggest that body weight has some effect on energy intake (ie, larger children eat more). Weight thus minimally predicts future energy intake, while energy intake clearly predicts weight gain early in life, as noted in other studies. 6, 7, 9 The nature of correlations between energy intake and later body weight deserve special attention. The strength of these correlations at 3, 6 and 9 months increase with each succeeding time period, reflecting a time-lagged correlation. Table 6 shows, for example, that the correlation between energy intake at 3 months and body weight increases monotonically to 12 months of age. The correlation between energy intake at 6 and 9 months and body weight also increases over the following year. Protein intake shows a similar but weaker lagged correlation (Table 7) .
Despite the importance of time-lagged correlations, they are not often reported. 28 Lynch et al 29 used lagged correlations to suggest a causal relationship between diet, specifically fat, and the risk of coronary artery disease two and three decades later. Similarly, Eron et al 30 reported lagged correlations between watching violent television programs in the early formative years and later aggression. This is the first report of a time-lagged correlation between energy intake and body weight. It indicates that the infants are eating, not only for current energy needs, but also for needs as far as 1 y in the future. Their food intake, larger than needed at the time that they are eating, appears to be programmed for future growth and development. Examples of overeating that is programmed for future needs are found Note that the correlation of fat intake at 3 months is negatively correlated with later body weight and the lack of correlation between carbohydrate intake at 3 months and later body weight. Results from the linear effects regression model shows that caloric intake, number of sucks at 3 months and family income each account for a significant amount of the variance in the rate of gain during the first 2 y of life.
Predictors of body size in infancy AJ Stunkard et al in two well-known events: migration and hibernation. Thus, prior to migration, the ruby-throated humming bird overeats in preparation for crossing the Caribbean Sea. 31 This overeating is programmed to produce precisely the amount of fat necessary for flight, but not so much to prevent the bird from getting off the ground. 32 Similarly, prior to 'winter sleep', black bears overeat to become obese, showing 'a marvelously regulated short-term intake of foodyeating almost to a calorie the amount of energy required for denning'.
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Macronutrient intake The finding of a lagged correlation of protein intake with body weight raises the question of the role of protein intake in growth and development. Protein intake, but paradoxically not fat intake, in childhood has been associated with adiposity in two cross-sectional studies. 35, 36 A longitudinal study of children by Rolland-Cachera et al 37 provides added support. High protein intake at 2 y of age led to early 'adiposity rebound' and increased BMI at 8 y of age. Furthermore, there was a correlation of 0.28 (P ¼ 0.008) between percent of dietary protein at 2 y and BMI at 8 y. Dorosty et al, 38 however, reported no association between protein intake (or any other component of the diet) and adiposity rebound up to 5 y of age.
Nutritive sucking
During early infancy energy intake is achieved by sucking behavior and, later, by ingestion of solid foods. Our measure of sucking at 3 months predicted body weight at 2 y of age (P ¼ 0.003). This one measure, thus, derived from one test meal, had essentially the same relationship with body weight at 2 y as did that of energy intake, measured for 3-day intervals at six different time points. This prognostic value of sucking is similar to that of the only comparable study, that of Agras et al 39 who found that sucking behavior at 2 and 4
weeks predicted adiposity at 1, 2 and 3 y of age. Infant sucking behavior may also be a long-term predictor of adiposity. It was the only measure to distinguish between the high-and low-risk groups at 3 months of age: number of sucks during the test meal was 50% higher in the high-risk group. Since we know that the high-risk group will contribute disproportionately to obesity later in life, 40, 41 sucking behavior of the high-risk group may well be a marker for obesity later in life.
The prognostic value of sucking behavior may depend, not upon its contribution to energy intake in infancy but through an as-yet undetermined mechanism. Hall and Williams 42 report that sucking differs in a fundamental way from eating and is based upon a neurobehavioral system special to infancy. Sucking behavior, for example, does not maintain energy balance. Thus, even when they receive no milk, 2-week-old rats suckle for long periods and continue to suckle even after becoming nutritionally repleted. Further- Figure 3 Mean profiles of clinical characteristics in 10 subjects with the smallest and largest average monthly gains in weight from 3 to 24 months of age. Z scores depict the independent variables (length, energy intake, number of nutritive sucks and SEE) of the 10 infants with the smallest and largest average monthly weight gains; for income and gender, bars represent proportions rather than Z scores. The 10 largest gainers at each point in time had greater energy intake, number of sucks, SEE and lower family income. The size of the bar represents the relative importance of the variable.
Predictors of body size in infancy AJ Stunkard et al more, sucking and eating respond differently to various pharmacological stimuli: amphetamine, which suppresses eating, stimulates sucking. 42, 43 If sucking behavior is, in fact, a predictor of future growth and development, how does it predict? The observation that maternal BMI was associated with only one of the many variables that we studied (sucking) suggests a mechanism. Vigorous sucking behavior may serve as a mediator between maternal BMI and the infant's ultimate body size and adiposity. It may serve as a substrate for the later 'vigorous eating style' in childhood that has been strongly associated with adiposity. [42] [43] [44] [45] [46] [47] [48] Long-term studies of persons whose sucking behavior was measured in infancy, as those of Agras et al 39 and the current study will provide the opportunity to assess the predictive power of sucking. The failure of feeding mode to influence body size or composition at 2 y may be due to the small number (n ¼ 10) of exclusively breast feeders but it has been previously reported. 9 Socioeconomic status That SES might influence growth and development is suggested by the well-known (negative) relationship between SES and body weight in adults. 49 Years of schooling did not influence body weight but family income had a significant negative effect, a finding of theoretical significance. Family income may be an imperfect measure of the environment of children but its relationship to body weight, even in the presence of genetic influences, provides remarkably early evidence of environmental influences.
Energy expenditure
An important negative finding is that a lower level of energy expenditure did not predict greater body weight and body size at 2 y of age, as has been previously reported. had proposed that reduced energy expenditure favored the development of obesity. The present study did not confirm these reports. Ravussin and Bogardus 50 reported later that the low metabolic rate that was negatively associated with weight gain accounted for no more than 12% of the variability in weight. Furthermore, Roberts 6 later reported that the energy intake of the six obese children at 6 months was 42% higher than was that of the six nonobese children.
Similarities of risk group
The results of this study were obtained from a sample of children at either high or low risk for obesity on the basis of maternal BMI. At 2 y of age the high-and low-risk infants did not differ in body size or weight, energy intake, TEE, SEE and TEEÀSEE. Measures of parental weight did not predict infant weight in the first 2 y of life, as previously reported. [51] [52] [53] [54] The well-recognized genetic influences on obesity evidently do not begin until after 2 y of age. 40 To the extent that this is the case, it will complicate the search for genes for obesity.
Study limitations
The major limitation of this study is its relatively small sample size and the resulting effect upon the statistical significance of the results. Thus, some effects such as the influence of gender on food intake, that would be expected to be significant, reached only marginal statistical significance (Po0.06). The limitations of the sample size were confined to the failure to find expected relationships. They did not apparently result in any incorrect findings. Another limitation of this study is its reliance on parental reports of children's food intake, a limitation well-recognized in studies of childhood. It should be noted, however, that the six reports of food intake compare favorably with any report in the literature. Furthermore, reports of ingestion of breastmilk were based upon careful measurement of infants before and after feeding.
